Several isolates of the novel genus Neodidymelliopsis have been recently found in Iranian citrus orchards with severe dieback symptoms. Neodidymelliopsis belongs to Didymellaceae, an important family of Pleosporales, Dothideomycetes. None of the few studies on molecular dating of Ascomycetes have resolved the divergence time of genera in Didymellaceae. Motivated by this fact, we consider the reliable age of a fossil related to extant species of Aigilalus, the estimated mean crown age of Dothideomycetes from other studies as a secondary calibration, also the second fossil which represent common ancestor of Capnodiales to calibrate the reconstructed tree. Our dating analysis is based on four genetic regions of 91 taxa from Capnodiales and Pleosporales, using BEAST analysis. The selected taxa of Pleosporales belong to Aigialaceae and Didymellaceae; including three newly discovered Neodidymelliopsis sp. isolates and one isolate of Didymella sp. from Iran. Our dating analyses suggest that Didymellaceae diverged from Aigialaceae in the Cretaceous, and initial divergence of Didymellaceae happened in the late Eocene followed by two divergences in the late Oligocene and several splits in the Miocene. Furthermore, the results suggest that the Iranian isolates of Neodidymelliopsis sp. and Didymella sp. diverged from other Neodidymelliopsis and Didymella isolates in the Pliocene and the late Miocene, respectively.
Introduction
Coelomycetes are a form-class of fungi which produce their conidia and conidiophore within the cavity like pycnidia (globose to pyriform conidiomata from which the conidia arise throughout an apical opening) or sporocarp (de Gruyter et al. 2009 , Chen et al. 2015 . This form-class of fungi consists of numerous endophytic, pathogenic or saprobic fungi in terrestrial and marine ecosystems, or in plants and animals (Dai et al. 2014 , Hyde et al. 2014 , Wijayawardene et al. 2016 .
Coelomycetous fungi has been recently assigned to different phylogenetic groups, e.g. Dothideomycetes, Leotiomycetes and Sordariomycetes (Wijayawardene et al. 2016 (Wijayawardene et al. , 2017 . Dothideomycetes is well-known class of Ascomycota (Wijayawardene et al. 2017 (Wijayawardene et al. , 2018 , while Pleosporales contains a quarter of the class (Kirk et al. 2008) , with Didymellaceae as the largest family in this order. Didymellaceae encompasses more than 5,400 taxa in MycoBank (Crous et al. 2004 , Crous & Groenewald 2017 , Hashimoto et al. 2017 ). In the recent revision of Didymellaceae, 26 genera belong to this family have been reported (Chen et al. 2015 , 2017 , Valenzuela-Lopez et al. 2018 . Members of this family are pathogenic on a wide range of host plants, which mainly cause leaf and stem lesions and some are of quarantine significance (Aveskamp et al. 2008 , Boehm et al. 2009 , Chen et al. 2017 . Recently, some isolates of the novel genus Neodidymelliopsis and Didymella have been found on the citrus trees with severe dieback symptoms in Iran. This motivated our research to find out the divergence time of the selected isolates of Didymellaceae, particularly, isolates of Neodidymelliopsis sp. and Didymella collected from southern parts of Iran by comparing their nucleotide sequences. To achieve this aim, we adopted a molecular dating approach based on the molecular clock hypothesis (MCH), proposed by Zuckerkandl & Pauling (1965) . Molecular dating combines information from the fossils, recorded events, geological events and those achieved from data analyses to estimate the age of clades in a phylogenetic tree (Rutschmann 2006 , Ho & Duchene 2014 . It is also possible to use the estimated age of a node from previous studies to calibrate the molecular clock in a new study, as a secondary calibration (dos Reis et al. 2015) . Recently, several molecular dating studies have tried to estimate the age of fungi based on the available fossils (Vijaykrishna et al. 2006 , Hongsanan et al. 2016 , Zhao et al. 2016 , Hyde et al. 2017 , Liu et al. 2017 . However, lack of the reliable fossils is a limited factor in molecular dating studies, which could face even a bigger challenge when the microscopic structure of fungi is unknown (Prieto & Wedin 2013) .
Here, we first constructed a phylogenetic tree based on four multi-gene datasets including the four sequenced isolates and some taxa of Didymellaceae obtained from the National Center for Biotechnology Information (NCBI) databases. We performed the dating analysis which updated the age of Dothideomycetes, Pleosporales and gave the first estimation of the divergence time of Didymellaceae genera.
Materials & Methods

Sample collection, DNA extraction and sequencing
We collected citrus samples with dieback, blight of vigorously growing shoots symptoms, from citrus orchards in three southern provinces of Iran (Kerman, Hormozgan and Khuzestan). Pathogen isolation and inoculum preparation were performed according to the methods described by Taylor & Hyde (2003) . Pure cultures were obtained by single spore isolation methods (Chomnunti et al. 2014 The genomic DNA was extracted using Doyle & Doyle (1987) protocol from the fungal mycelium produced in Potato Dextrose Agar (PDA) media at 25−27°C for 4 weeks. We amplified four genomic regions including partial large subunit nuclear rDNA (28S, LSU), internal transcribed spacer regions 1 & 2 and intervening 5.8S nrDNA (ITS), partial RNA polymerase II second largest subunit (RPB2) and partial beta-tubulin (TUB2) region using special primers (Table 1 ), as it was described by Chen et al. (2015) . PCR products were visualized under UV light after electrophoresis in a 1.0 % (w/v) agarose gel containing 0.1 ug/mL ethidium bromide in 1 × TAE buffer. Sanger sequencing was performed by Macrogen Company (Seoul, Korea), and results were submitted to NCBI (Supplementary table 1) .
Sequence alignment and phylogenetic analysis
To determine the phylogenetic relationship of the selected Iranian isolates with the other available taxa, we considered LSU, RPB2, TUB2 and ITS genomic regions in all 26 accepted Didymellaceae genera, as mentioned by Valenzuela-Lopez et al. (2018) . In addition, we used seven Aigialus and Capnodiales isolates; according to Beimforde et al. (2014) , Phukhamsakda et al. (2016) as the out-group. The selected strains and their accession numbers were listed in Supplementary table 2. The genetic regions were separately aligned by MAFFT v.7 (Katoh & Standley 2013) . We checked the alignment visually and adjusted it manually in Mesquite v.3.04 (Maddison & Maddison 2015) . The alignments were concatenated by SequenceMatrix program (Vaidya et al. 2011) . Linux version of IQ-tree tool v.1.6 (Nguyen et al. 2014 ) was used to reconstruct the phylogenetic trees and find the best substitution model. We assessed the reliability of the reconstructed branches by Bootstrap analyses on 1000 replicates, and visualized trees in FigTree v.1.4.2. 
Node Calibrations
To calibrate the nodes, we took advantage of the age of the reliable fossils and the estimated mean crown age of Dothideomycetes. We compared three calibration scenarios, based on the minimum age of reliable fossils from the literature and the secondary calibration. The calibration based on the age of a node estimated in other study is referred to as secondary calibration (Ho & Duchene 2014 , dos Reis et al. 2015 . In all cases, we considered Pleosporales as a monophyletic group.
In scenario I, we used a fossil of Margaretbarromyces dictyosporus (Fossil I) which belongs to Pleosporales with the age of 35−55 Mya (Mindell et al. 2007 , Berbee & Taylor 2010 , Phukhamsakda et al. 2016 . Since morphologically this fungus resembles Aigialus belonging to Aigialaceae, Pleosporales (Phukhamsakda et al. 2016 ), we assigned the estimated age of the fossil to the node of Aigialus cluster (AIG). To demonstrate the uncertainty of the fossil age we represented it by a lognormal distribution with an offset (minimum bound), because we did not have any information about the maximum bound of the age (Ho & Philips 2009) , with the mean of TMRCA (the most recent common ancestor) of Aigialus = 35, SD = 3.5, offset = 34, giving 95% credibility interval (CI) of 58.
In scenario II, we used two fossils viz. M. dictyosporus to calibrate AIG node and a Metacapnodiaceae fossil (~100−113 Mya, Schmidt et al. 2014) to calibrate the crown node of Capnodiales (CAP). In this scenario, we used the same setting as scenario I for M. dictyosporus fossil, while used a lognormal distribution (mean = 100, SD = 4.5, offset = 99, CI = 120) for the Metacapnodiaceae fossil.
For scenario III, besides the age of two pre-mentioned fossils, we considered the estimated mean crown age of Dothideomycetes (107−459 Mya) on the root of the tree estimated by Gueidan et al. (2011 ), Prieto & Wedin (2013 , Beimforde et al. (2014) , Pérez-Ortega et al. (2016) , Phukhamsakda et al. (2016) as a secondary calibration. We preferred a uniform distribution (with maximum of 457 and minimum of 107) for the secondary calibration, as simulation studies (Schenk 2016) reported that the normal prior distribution results in larger errors, compared to uniform distribution in the secondary calibrations. Fig. 1 illustrates the posterior probability density distribution of the three calibration points.
Molecular dating
We used the BEAST v1.8.2 package (Drummond et al. 2012) for the molecular dating analysis. For this analysis, we used an uncorrelated lognormal relaxed clock model (UCLD) and the simplest model, Yule process (Drummond & Bouckaert 2014 ). GTR substitution model, 4 rate categories were used based on the suggestion from the model finder of IQ-tree. Since Gamma and invariable sites have a mutual effect (Drummond & Bouckaert 2014 , Moran et al. 2015 , applying both on a model is not biologically meaningful (Jia et al. 2014) . Hence, we excluded invariable sites from the substitution model and set up the mean rate to the continuous-time Markov chains model (CTMCs), recommended by Ferreira & Suchard (2008) . We performed three MCMC analyses of 400 million generations, with sampling every 10000 steps. The results were evaluated by Tracer v1.6. The effective sample size (ESS) values of parameters were checked and improved to be more than 200 (Drummond & Bouckaert 2014) . The resulted log and tree files were combined using LogCombiner1.8.0. Finally, we summarized the BEAST results by TreeAnnotator v1.4.7 with a burn-in of 10% and displayed them in FigTree v.1.4.2.
To compare different scenarios, we estimated the marginal likelihood (MLE) using path sampling (PS) and stepping stone sampling (SS), implemented in BEAST.
Figure 1 -
The plot posterior probability density distribution of used calibration points. The AIG, CAP and DOT curves show the probability of used calibration points assigned to MRCA of Aigialus, Capnodiales and Dothideomycetes nodes respectively.
Results
Phylogenetic analysis
The concatenated file produced by SequenceMatrix, adjusted in Mesquite, contained 91 taxa with 2,864 characters. Fig. 2 summarizes the results of our phylogenetic analyses; the four sequenced taxa have been marked with black diamonds. IR67 isolate clustered with Didymella glomerata CBS 528.66, while IR10, IR26 and IR14 isolates clustered with Neodidymelliopsis longicolla CBS 382.96 with high bootstrap supports (99-100).
Molecular dating analysis
Comparing different scenarios
To compare different scenarios, we estimated the marginal likelihood (Table 2 ) which was slightly higher in scenario III, compared with the other scenarios.
Divergence time
The constructed trees in all scenarios (Fig. 4 , Supplementary figs 1, 2) were consistent to the best tree built by IQ-tree (Fig. 2) . Most of the estimated mean of nodes are supported by a strong posterior probability. The crown and stem age of all nodes in scenario III are considered as the best scenario (see discussion, Table 3 ). Pleosporales diverged from Capnodiales at ~144.5 (107−202.9) Mya. Within Pleosporales, Didymellaceae diverged from Aigialaceae at ~86.7 (53.9−155.4) Mya. The mean age of the earliest split in Didymellaceae (Neoascochyta from other genera) is ~35.7 (18.4−63.5) Mya. The newest split of Briansuttonomyces and Pseudoascochyta from other genera in Didymellaceae occurred at ~6.3 (2−13.2) Mya. Iranian isolates of Neodidymelliopsis sp. and Didymella sp. diverged from other Neodidymelliopsis and Didymella isolates at ~3.1 (0.9−6.9) and 1239 ~8.6 (3.5−16.8) Mya, respectively (Fig. 4) . Time charts of the nodes based on the estimated crown and stem ages in this student can be seen in Supplementary tables 4, 5. The comparison between the 95% HPD (Highest Posterior Density) of four main nodes, MRCA of Dothideomycetes (DOT), Didymellaceae (DID), Pleosporales (PLE) and Neodidymelliopsis (NEO) nodes showed that the intervals of the defined scenarios are overlapped (Fig. 3) . In Table 3 , estimated age of crown nodes and interval of 95% HPD are listed. 
Discussion
In recent decade, there has been an increasing interest in molecular dating of species as an effective way of studying molecular evolution (Ho & Philips 2009 , dos Reis et al. 2015 . A few molecular dating studies have tried to estimate the divergence time of Ascomycetes and their orders (e.g. Beimforde et al. 2014 , Hongsanan et al. 2016 , Zhao et al. 2016 , Hyde et al. 2017 , Liu et al. 2017 . In this study, we focused on divergence time of Didymellaceae genera for the first time, with added three Neodidymelliopsis and one Didymella isolates, collected from three provinces of Iran.
The phylogenetic tree indicated that Iranian Didymella isolate clustered with D. glomerata with a high bootstrap support, this result is also supported by morphological identification (data not published). Newly isolates of Neodidymelliopsis obtained in this study are closely related to N. longicolla with high bootstrap support. Morphological features of these new fungal isolates collected from citrus in southern Iran, confirmed that they share Neodidymelliopsis properties by having possessed pycnidial conidiomata and phialidic conidiogenesis, with hyaline, ampulliform, thin-walled conidiogenous cells, non or 1-septate, smooth-walled, hyaline to pale brown conidia. Characterization of conidiomata, conidia and conidiogenous cells of the isolates were in consistent with the description of Neodidymelliopsis reported by Chen et al. (2015) . Since the main aim of this study was to focus on the molecular dating of these isolates, more morphological and pathological studies could be subject of further future works.
In the reconstructed phylogenetic tree (Fig. 1) , the taxa related to Didymellaceae formed a sister group to the four selected Aigialus species within Pleosporales. The Capnodiales can be considered as an out-group, as they diverged from other taxa of Pleosporales. All the nodes of Didymellaceae, Aigialaceae, Pleosporales, and Capnodiales, where the main clusters have been branched are well-supported (Fig. 1) . These results are congruence with the previous studies (Aveskamp et al. 2010 , Hyde et al. 2016 , Phukhamsakda et al. 2016 , Chen et al. 2017 , ValenzuelaLopez et al. 2018 . In molecular dating analyses, the means of estimated ages in scenario I (with one fossil) are lower than other scenarios, with widest interval of 95% HPD (Supplementary table  3) . Although the intervals of 95% HPD and the estimated age of the nodes in scenario II and III are very similar, we consider scenario III as the best scenario due to the higher marginal likelihood.
Base on strains and parameters used in this study, we conclude that the earliest divergence in Didymellaceae is in the late Eocene when Neoascochyta diverged from other genera in Didymellaceae, this followed by the separation of Neodidymelliopsis and Xenodidymella in the late Oligocene. Other 23 genera diverged from others repeatedly in the Miocene. We speculate that geological changes such as mountain uplift, climate changes and aridification in the Miocene which led to an expansion of plants, might have resulted in the emergence of plant associated fungi as in Didymellaceae genera (Aveskamp et al. 2008 , Chen et al. 2015 . Iranian Neodidymelliopsis sp. and Didymella sp. isolates diverged from other isolates in the Pliocene and the late Miocene, respectively (Supplementary table 5), before switching to more seasonal, drier and cooler climate (Amo De Paz et al. 2011) .
Moreover, the crown ages of five genera of Didymellaceae including Iranian Neodidymelliopsis sp. are in the Pleistocene. This result suggests that the glaciation event of Pleistocene is not restrictive for these genera, as already proposed for some Melanohalea species (Ascomycetes) by Leavitt et al. (2012) . Five genera including Ascochyta, Neoascochyta, Heterophoma, Phomatodes and Neomicrosphaeropsis are specific to Fabaceae (Rosids), Poaceae (Monocots), Scrophulariaceae (Asterids), Brassicaceae (Rosids) and Tamaricaceae (Asterids), respectively. Among these five genera, Neoascochyta is the oldest genus which is hosted by Monocots which are older than Asterids and Rosids (Barba-Montoya et al. 2018) . The estimated ages of Ascochyta and Phomatodes chronologically corresponds to the age of their hosts viz. Fabaceae and Brassicaceae, estimated by Hohmann et al. (2015) . This coincidence supports the coevolution of Didymellaceae and their host plants proposed by Chen et al. (2017) .
Furthermore, we compared the crown ages of Aigialus, Capnodiales and Didymellaceae with previous studies (Supplementary table 3) . In agreement with Phukhamsakda et al. (2016) , we dated Aigialus and Capnodiales to Eocene and Cretaceous, respectively. Similar to Prieto & Wedin (2013) study, we dated the Dothideomycetes crown group to the late Jurassic or early Cretaceous. The variation in the ages of the taxa in previous studies could be the consequence of using different fossils, models, sampling and characters. Additionally, previous studies have mostly used a controversial fossil of Paleopyrenomycetes to calibrate nodes of the tree (Prieto & Wedin 2013 ). Higher estimated ages in other studies can also be the result of considering exponential or normal distribution as the prior distribution for secondary calibration on the root note. In contrary, we prefer to use a uniform distribution, which based on Schenk (2016) simulation research. Further molecular dating studies in different locations and on various fungal taxa are needed to clarify this.
